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Understanding	  the	  mechanisms	  involved	  in	  the	  covalent	  attachment	  of	  organic	  molecules	  to	  surfaces	  is	  a	  major	  challenge	  
for	  nanotechnology	  and	  surface	  science.	  On	  the	  basis	  of	  classical	  organic	  chemistry	  mechanistic	  considerations,	  key	  issues	  
such	  as	  selectivity	  and	  reactivity	  of	  the	  organic	  adsorbates	  could	  be	  rationalized	  and	  exploited	  for	  the	  design	  of	  molecular-­‐
scale	   circuits	   and	   devices.	   Here	   we	   use	   tris(benzocyclobutadieno)triphenylene,	   a	   singular	   Y-­‐shaped	   hydrocarbon	  
containing	   antiaromatic	   cyclobutadienoid	   rings,	   as	   a	   molecular	   probe	   to	   study	   the	   reaction	   of	   polycyclic	   conjugated	  
molecules	   with	   atomic	   scale	   moieties,	   dangling-­‐bond	   (DB)	   dimers	   on	   a	   hydrogen-­‐passivated	   Ge(001):H	   surface.	   By	  
combining	  molecular	   design,	   synthesis,	   scanning	   tunneling	  microscopy	   and	   spectroscopy	   (STM/STS)	   and	   computational	  
modeling,	  we	  show	  that	  the	  attachment	  involves	  a	  concerted	  [4+2]	  cycloaddition	  reaction	  that	  is	  completely	  site-­‐selective	  
and	   fully	   reversible.	  This	  selectivity,	  governed	  by	   the	  bond	  alternation	   induced	  by	   the	  presence	  of	   the	  cyclobutadienoid	  
rings,	   allows	   for	   the	   control	   of	   the	   orientation	   of	   the	   molecules	   with	   respect	   to	   the	   surface	   DB-­‐patterning.	   We	   also	  
demonstrate	  that	  by	  judicious	  modification	  of	  the	  electronic	  levels	  of	  the	  polycyclic	  benzenoid	  through	  substituents,	  the	  
reaction	   barrier	   height	   can	   be	   modified.	   Finally,	   we	   show	   that	   after	   deliberate	   tip-­‐induced	   covalent	   bond	   cleavage,	  
adsorbed	  molecules	  can	  be	  used	  to	  fine	  tune	  the	  electronic	  states	  of	  the	  DB	  dimer.	  This	  power	  to	  engineer	  deliberately	  the	  
bonding	  configuration	  and	  electronic	  properties	  opens	  new	  perspectives	  for	  creating	  prototypical	  nanoscale	  circuitry.	  
Introduction	  
Controlling	   chemical	   reactions	   of	   organic	   molecules	   on	  
surfaces	   is	   attracting	   growing	   attention,	   driven	   both	   by	  
potential	   applications	   in	   the	   construction	  of	   future	  nanoscale	  
devices	   and	  by	   a	   fundamental	   interest	   in	   the	  basic	   processes	  
leading	   to	   tailored	   bond	   formation	   and	   cleavage	   between	  
molecules	  and	  surface	  reactive	  sites.1	  Recent	  developments	  in	  
scanning	   tunnelling	   microscopy	   (STM)	   and	   atomic	   force	  
microscopy	   (AFM)	   have	   propelled	   advances	   in	   imaging	   of	  
reactants	   and	   products	   with	   atomic	   or	   sub-­‐molecular	  
resolution.2	  But	  as	   important	  as	  the	  physical	  evidences	  of	   the	  
chemisorption	   of	   organic	   molecules	   on	   surfaces	   is	   the	  
understanding	  of	  the	  mechanisms	  of	  such	  reactions	  in	  terms	  of	  
fundamental	   chemistry	   concepts.3	   In	   fact,	   the	   possibility	   of	  
applying	   the	   rationale	   of	   organic	   chemistry	   to	   surface	  
functionalization	   could	   provide	   invaluable	   insights	   for	   the	  
design	  of	  molecules	  that	  can	  attach	  to	  the	  surface	  in	  a	  specific	  
manner	  and	  orientation.	  	  
The	   surfaces	   of	   semiconductors	   are	   ideal	   candidates	   for	   the	  
study	   of	   reactions	   with	   organic	   molecules.4	   Among	   the	  
different	   possible	   substrates,	   functionalized	   silicon	   and	  
germanium	   (001)	   surfaces5	   have	   attracted	   strong	   attention	  
due	   to	   their	   leading	   role	   in	   the	   microelectronic	   industry.	  
Numerous	  examples	  of	  molecules	  forming	  covalent	  bonds	  with	  
silicon	  and	  germanium	  surfaces	  have	  been	   reported,	   showing	  
both	   local	  modifications	  of	  the	  conformation,	  bond	  formation	  
and	  cleavage,	  as	  well	  as	  long-­‐range	  phenomena	  and	  non-­‐local	  
interactions.6	  Analogies	  between	  many	  of	  these	  bond-­‐forming	  
processes	  and	  classical	  organic	  chemistry	  reactions	  have	  been	  
established,	  with	  the	  surface	  acting	  as	  a	  molecular	  reagent.5d	  	  
The	  functionalization	  of	  hydrogen	  passivated	  Si	  or	  Ge	  surfaces	  
containing	  atomic	  scale	  defects	  –	  unsaturated	  dangling	  bonds	  
(DBs),7	  or	  even	  DB	  structures	  created	   intentionally	  by	  H	  atom	  
extraction8	   –	   provides	   additional	   opportunities	   for	   the	  
construction	   of	   prototypical	   molecular	   scale	   devices.	   It	   has	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been	   demonstrated	   that	   single	   DBs	   can	   anchor	   organic	  
compounds	  by	   forming	  covalent	  bonds9	  or	   through	  weak	  van	  
der	   Waals	   interactions10	   and,	   interestingly,	   that	   the	   charge	  
state	   of	   the	   DBs	   can	   influence	   significantly	   the	   molecule’s	  
behavior.9,11	   Furthermore,	   compounds	   with	   conjugated	   π-­‐
system	  can	  react	  with	  Ge	  or	  Si	  surface	  DB	  dimers	  giving	  rise	  to	  
different	   bonding	   configurations,	   including	   those	   associated	  
with	   formal	   [2+2]	   and	   [4+2]	   (Diels-­‐Alder)	   cycloadditions.4,12	  
The	  mechanisms	  behind	  such	  transformations,	   through	  either	  
concerted	   or	   diradical	   stepwise	   pathways,	   are	   dependent	   on	  
the	   particular	   semiconductor	   surface.13	   Covalent	  
functionalization	   with	   aromatic	   molecules	   has	   been	   limited	  
primarily	   to	   relatively	   small	  molecular	  entities,14	  although	   the	  
chemical	   attachment	   of	   some	   polycyclic	   aromatic	  
hydrocarbons	   (PAHs),	   postulated	   as	   potential	   components	   of	  
molecular	   electronic	   devices,	   has	   also	   been	   explored.15	  
Previously,	   some	   of	   us	   investigated	   single,	   three-­‐fold	  
symmetric,	   Y-­‐shaped	   trinaphthylene	   ([7]starphene,	   1),16	  
recently	   proposed	   as	   a	   molecular	   rotational	   switch	   on	  
hydrogen	   terminated	   Ge(001):H17	   and	   as	   a	   single-­‐molecule	  
logic	  gate	  on	  Au(111)18	  surfaces.	  The	  geometries	  observed	  for	  
the	   adsorption	   of	   1	  on	   germanium	  DB	   dimers	   are	   consistent	  
with	   a	   formal	   [4+2]	   cycloaddition	   of	   this	   molecule	   with	   the	  
paired	  DBs.	  
Among	   the	   different	   families	   of	   polycyclic	   conjugated	  
hydrocarbons	   of	   interest	   in	   molecular	   electronics,	   those	  
combining	   fused	   four-­‐membered	   cyclobutadienoid	   and	   six-­‐
membered	  benzenoid	  rings	  are	  particularly	  intriguing,	  because	  
of	   the	   unique	   properties	   associated	   with	   the	   alternating	  
antiaromatic	   and	   aromatic	   circuits.20	   Both	   experimental	   and	  
theoretical	   studies	   show	   that	   the	   six-­‐membered	   benzenoid	  
rings	  in	  these	  molecules	  display	  significant	  bond	  alternation,21	  
a	   feature	   that	   determines	   their	   reactivity.	   Besides	   the	   linear,	  
angular	   and	   triangular	   [N]phenylenes22	   and	   phenylene-­‐
containing	   acenes,23	   phenes	   and	   starphenes,24	   isomeric	  
graphene	   nanostructures	   containing	   fused	   biphenylene	  
moieties	   have	   recently	   received	   significant	   attention.25	  
However,	  to	  the	  best	  of	  our	  knowledge	  there	  are	  no	  reports	  on	  
the	  covalent	   functionalization	  of	  semiconductor	  surfaces	  with	  
biphenylene-­‐containing	  PAHs.	  	  
Herein	   we	   describe	   the	   study	   of	   molecules	   with	   the	  
tris(benzocyclobutadieno)triphenylene	   core	   2	   (hereafter	  
referred	   to	  as	   tribiphenylenes)	  on	   the	  Ge(001):H	  surface.	  The	  
three-­‐fold	  symmetric	  geometry	  of	  2a24	  is	  closely	  related	  to	  that	  
of	   trinaphthylene	  126	   (see	   Figure	   1),	   but	   the	   presence	   of	   the	  
antiaromatic	   cyclobutadienoid	   rings	   in	   2a	   induces	   bond	  
alternation	  in	  the	  fused	  benzene	  rings,	  thus	  fixing	  the	  position	  
of	  the	  possible	  diene-­‐like	  functionalities	  that	  could	  participate	  
in	   a	   hypothetical	   [4+2]	   cycloaddition	   with	   DB	   dimers	   on	   the	  
passivated	   germanium	   surface.	   We	   decided	   to	   exploit	   this	  
structural	   feature	   to	   address	   some	   fundamental	   issues	   in	  
surface	  functionalization,	  focusing	  on	  unveiling	  the	  mechanism	  
of	   the	  chemisorption	  reaction	  and	  controlling	  the	  attachment	  
architecture.	   Our	   hypothesis	   is	   that	   a	   concerted,	   orbital	  
symmetry	   governed	   Diels-­‐Alder	   reaction	   should	   be	   site	  
selective,	  promoting	  the	  binding	  of	  2a	  in	  a	  particular	  
	  
Figure	   1	   (a)	   Representative	   resonance	   structures	   of	   trinaphthylene	   1,	  
tribiphenylene	  2a	   and	   sketch	  of	   the	  expected	  Diels-­‐Alder	   reaction	  with	  DB	  
dimers	  on	  the	  Ge(001):H	  surface;	  the	  location	  of	  diene-­‐like	  functionalities	  in	  
one	   of	   the	   arms	   of	   each	   molecule	   is	   drawn	   in	   red.	   (b)	   Schematic	  
representation	  of	  the	  expected	  reaction	  of	  2a	  with	  a	  Ge(001)	  DB	  dimer.	  
	  
orientation	  with	  respect	  to	  the	  DB	  dimer	  rows,	  and	  giving	  rise	  
to	   binding	   patterns	   different	   from	   those	   observed	   for	   the	  
analogous	   trinaphthylene	   (1)	   (Figure	   1).	   Our	   detailed	   STM	  
simulations	   and	   computation	   of	   the	   trajectory	   of	   the	  
attachment,	   which	   shows	   no	   intermediate	   species,	   provides	  
strong	  evidence	  for	  a	  site	  selective,	  concerted	  [4+2]	  Diels-­‐Alder	  
mechanism	   between	   these	   star-­‐shaped	   PAHs	   and	   the	   DB-­‐
dimers	   on	   the	   passivated	   germanium	   surface.	  Moreover,	   our	  
study	   highlights	   the	   feasibility	   of	   using	   molecular	   design	   to	  
control	   not	   only	   the	   architecture	  of	   the	   attachment,	   but	   also	  
the	  binding	  energy	  and	  the	  reaction	  barrier.	  
Results	  and	  discussion	  
Synthesis	   and	   characterization	   of	   tribiphenylenes	   2a–c.	   The	  
synthesis	  of	   tribiphenylene	  2a	  and	  the	  substituted	  derivatives	  
2b	   and	   2c,	   containing	   electron-­‐withdrawing	   and	   electron-­‐
donating	  groups,	  respectively,	  is	  shown	  in	  Scheme	  1.	  First,	  the	  
assembly	   of	   the	   biphenylene	   core	   was	   achieved	   by	   cobalt-­‐
catalysed	   [2+2+2]	   cycloaddition	   of	   the	   corresponding	   1,2-­‐
diethynylarenes	   3a–c	   with	   bis(trimethylsilyl)acetylene	  
(BTMSA).	   Functional	   group	   manipulation	   allowed	   the	  
transformation	   of	   4a–c	   into	   the	   o-­‐(trimethylsilyl)aryl	   triflates	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catalytic	  Pd(PPh3)4	  afforded	  the	  corresponding	  tribiphenylenes	  
2a–c,	  as	  a	  result	  of	  the	  palladium-­‐catalysed	  cyclotrimerization	  
of	   arynes	   6.24,27	   While	   2a	   and	   2b	   are	   highly	   insoluble	   in	  
common	   solvents,	   the	   peripheral	   hexyloxy	   chains	   in	   2c	  
increased	   solubility	   dramatically,	   allowing	   full	   spectroscopic	  
characterization	   of	   this	   compound.	   The	   experimental	  HOMO-­‐
LUMO	  gaps	  for	  2a–c,	  determined	  from	  the	  UV/Vis	  spectra	  and	  
cyclic	  voltammetry	  measurements	   (see	  ESI†,	  Section	  3)	  are	   in	  




Scheme	   1	   Synthesis	   of	   tribiphenylenes	   2a-­‐c.	   See	   ESI†	   for	   experimental	  
details.	  
We	   have	   reported	   previously	   that	   both	   the	   aromaticity	  
parameters	   and	   the	   calculated	  bond	  distances	   for	  2a	   imply	   a	  
significant	   degree	   of	   bond	   localization,	   and	   thus	   reduced	  
diatropism,	   in	   rings	   C	   and	  A24	   (see	   Figure	   1).	  On	   the	   basis	   of	  
these	   findings	   and	   the	   known	   selectivity	   trends	   for	   [4+2]	  
cycloadditions	  of	   some	  phenylenes,28	  we	  predict	   that	  a	  Diels-­‐
Alder	   reaction	   of	   tribiphenylenes	   2	   should	   involve	   the	   diene	  
moiety	   C(2)–C(4a)	   depicted	   in	   red	   in	   Figure	   1.	   Preliminary	  
calculations	   of	   the	   stability	   of	   the	   different	   possible	  
cycloadducts	   of	   2a	   with	   a	   hypothetical	   Ge–Ge	   double	   bond	  
also	  support	  this	  assumption	  (see	  ESI†,	  Section	  4	  for	  details).	  	  
	  
Tribiphenylene	  molecules	  on	  the	  Ge(001):H	  surface.	  As	  discussed	  
in	   detail	   in	   our	   previous	   studies,	   the	   Ge(001):H	   surface	  
contains	   two	   major	   defect	   types,	   i.e.,	   single	   hydrogen	  
vacancies	  (dangling	  bonds,	  DBs)	  and	  dangling	  bond	  dimers	  (DB	  
dimers).8,9a	   These	   defects	   may	   interact	   with	   a	   variety	   of	  
structures,10–12,16,17	   and	   recently	   it	   was	   shown	   that	   a	   small	  
fraction	   of	   planar	   starphene	   molecules	   1	   were	   adsorbed	   by	  
weak	  van	  der	  Waals	  interactions	  on	  single	  DBs,11	  while	  the	  vast	  
majority	  was	  covalently	  bonded	  to	  DB	  dimers	  in	  two	  different	  
bonding	   configurations,19	   although	   the	  details	  of	   the	   reaction	  
remained	  unexplored.	  Here,	  after	  deposition	  of	  tribiphenylene	  
2a	  on	  the	  surface,	  all	  the	  adsorbed	  molecules	  of	  2a	  are	  found	  
in	   an	   identical	   configuration,	   with	   one	   molecule	   branch	  
oriented	   along	   surface	   reconstruction	   rows,	   as	   indicated	   by	  
white	   circles	   in	   Figure	  2a,b,	   but	   in	   contrast	   to	   trinaphthylene	  
1,19	  tribiphenylene	  2a	  is	  located	  asymmetrically	  over	  the	  rows,	  
as	   the	  arm	  parallel	   to	   surface	   rows	   is	   certainly	  not	   forming	  a	  
bond	   with	   the	   surface	   DB	   dimer.	   Thus,	   there	   is	   a	   striking	  
difference	   in	   the	   interaction	   of	   the	   two	   molecules	   with	   the	  
surface	  atomic	  scale	  defects,	  as	  we	  had	  predicted	  on	  the	  basis	  




Figure	   2.	   Filled	   state	   STM	   images	   of	   tribiphenylene	   2a	   on	   a	   Ge(001):H	  
surface.	   Images	   (a)	   and	   (b)	   show	   the	   same	   area	   with	   the	   image	   contrast	  
adjusted	   to	   surface	   rows	   and	   molecules,	   respectively.	   Images	   (c)	   and	   (d)	  
show	  the	  same	  area,	  before	  and	  after	  molecule	  removal	  from	  the	  DB	  dimer,	  
respectively.	   The	  molecules	   located	   on	   the	   surface	  DB	   dimers	   are	  marked	  
with	  white	  dashed	  circles,	  those	  one	  surface	  single	  DBs	  are	  highlighted	  with	  
a	   yellow	  dashed	   circle,	  white	  arrows	   in	   (c)	   and	   (d)	   indicate	   the	   location	  of	  
the	  DB	  dimer.	  Scanning	  parameters:	  tunnelling	  current:	  10	  pA	  (a,	  b),	  5	  pA	  (c,	  
d);	  bias	  voltage:	  –2.0	  V	  (all	  panels).	  
	  
The	   adsorption	   site	   can	   be	   clearly	   identified	   when	   the	  
molecule	   is	   displaced	   from	   its	   initial	   position	   during	   STM	  
imaging,	   as	   shown	   in	   Figure	   2c,d.	   The	   manipulation	   event	  
shows	   that	   the	  molecule	   is	   initially	   located	   over	   a	   DB	   dimer.	  
After	   molecule	   removal,	   the	   DB	   dimer	   exhibits	   a	   streaky	  
pattern	   due	   to	   rapid	   oscillations	   induced	   by	   tunnelling	  
electrons8a,b	   between	   the	   two	   equivalent	   tilted	   equilibrium	  
configurations	   of	   the	   dimer.	   The	   comparison	   of	   STM	   images	  
acquired	   before	   (Figure	   2c)	   and	   after	   (Figure	   2d)	   molecule	  
removal	   shows	   that	   the	  molecule	   located	   over	   the	  DB	   dimer	  
exhibits	   a	   different	   appearance	   of	   the	   arm	   centred	   directly	  
over	   the	  DB	  dimer	   site	   compared	   to	   the	   two	   remaining	  arms	  
placed	  over	  the	  hydrogenated	  surface.	   It	   is	   important	  to	  note	  
that	  when	  a	  sufficient	  amount	  of	  2a	  is	  deposited,	  all	  DB	  dimers	  

































a, R = H 
b, R = F 
c, R = OHex
1. NBS, AgNO3
2. i. nBuLi; ii. B(OMe)3
  iii. H3O+
3. i.Oxone, NaHCO3
   ii.Tf2O, iPr2NEt
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To	   analyse	   the	   interaction	   of	   the	   molecule	   with	   the	   atomic	  
scale	   defects,	   we	   have	   performed	   density	   functional	   theory	  
(DFT)	  modelling,	   starting	   from	   several	   initial	   geometries.	   The	  
most	  stable	  configuration	  is	  achieved	  for	  the	  molecule	  forming	  
two	  covalent	  bonds	  with	  the	  DB	  dimer	  as	  shown	  in	  Figure	  3e,	  
characterized	   by	   a	   binding	   energy	   of	   2.15	   eV.	   During	  
attachment,	   the	   outer	   benzene	   ring	   bends	   and	   forms	   two	  
covalent	   bonds	   with	   both	   Ge	   atoms	   of	   the	   DB	   dimer,	   which	  
becomes	   unbuckled.	   The	   attachment	   also	   requires	  
deformation	   of	   the	   initially	   planar	   molecular	   structure.	   To	  
establish	  agreement	  of	  the	  calculated	  molecular	  configuration	  
with	   experiment,	   we	   have	   performed	   STM	   image	  
computations	   based	   on	   Green’s	   function	   modelling	   of	   the	  
whole	   tunnelling	   junction.16,17,29	   The	   experimentally	   observed	  
STM	  topography	  shown	  in	  Figure	  3a	  is	  in	  close	  agreement	  with	  
the	  calculated	  STM	  of	  a	  molecule	  covalently	  bonded	  to	  the	  DB	  
dimer,	  shown	  in	  Figure	  3b.	  
	  
Figure	  3.	  Tribiphenylene	  2a	  covalently	  attached	  to	  the	  surface	  DB	  dimer	  on	  a	  
Ge(001):H	  surface.	  (a)	  Filled	  state	  STM	  image,	  tunnelling	  current:	  2	  pA;	  bias	  
voltage:	   –2.0	   V;	   (b)	   calculated	   STM	   topography,	   tunnelling	   current:	   2	   pA;	  
bias	   voltage:	   –1.2V;	   (c)	   and	   (d)	   cross	   sections	   over	   the	   experimental	   and	  
calculated	  images,	  respectively;	  (e)	  structural	  image.	  
	  
Remarkably,	   our	   results	   demonstrate	   that	   the	   chemisorption	  
reaction	   of	   2a	   is	   completely	   site-­‐selective,	   i.e.,	   there	   are	   no	  
molecules	   attached	   to	   surface	   DB	   dimers	   in	   any	   other	  
configuration,	   affording	   bonding	   through	   positions	   C(2)	   and	  
C(4a)	  [or	  the	  equivalent	  C(3)–C(18a)	  diene],	   in	  contrast	  to	  the	  
preferential	   1,4-­‐attachment	   observed	   for	   trinaphthylene	   (1)19	  
(see	   Figure	  1).	   The	  experimentally	  observed	  and	   theoretically	  
predicted	  most	   stable	   configuration	   is	   fully	   consistent	  with	   a	  
concerted	  Diels-­‐Alder	  mechanism	  for	  the	  attachment	  reaction,	  
in	   which	   the	   molecule	   plays	   the	   role	   of	   a	   conjugated	   diene	  
[C(2)–C(4a)],	  while	  the	  surface	  DB	  dimer	  acts	  as	  the	  dienophile.	  
The	   site	   selectivity	   can	   be	   understood	   on	   the	   basis	   of	   the	  
considerations	   disclosed	   above.	   It	   is	   worth	   noting	   that	  
cycloaddition	   through	   other	   possible	   diene	   sites	   in	   2a	   [C(1)–
C(4)	   or	   C(6)–C(18),	   see	   Figure	   1]	  would	   lead	   to	   unfavourable	  
benzocyclobutadiene	   substructures.	   Thus,	   we	   should	  
emphasize	  that	  by	  introduction	  of	  the	  four-­‐membered	  rings	  in	  
the	   molecular	   design,	   we	   can	   selectively	   control	   the	  
orientation	   of	   the	   molecule	   bonding	   with	   the	   surface	   DB	  
dimer.	  
We	  analyse	  here	   in	  more	  detail	   the	  bond	   formation	  between	  
the	  molecule	  and	   the	  surface	  DB	  dimer.	  For	   this	  purpose,	  we	  
have	   applied	   the	   Nudged-­‐Elastic-­‐Band	   (NEB)	   method30	   to	  
investigate	   the	   adsorption/desorption	   path	   of	   the	  
tribiphenylene	  molecule	  attached	  to	  the	  DB	  dimer	  site,	  which	  
is	  visualized	  in	  Figure	  4	  displaying	  the	  molecule	  configurations	  
with	  the	  calculated	  energies.	   In	  this	  approach,	  we	  studied	  the	  
path	  from	  the	  attached	  configuration	  (geometry	  number	  13	  on	  
the	  right,	  Figure	  4)	  to	  the	  physisorbed	  state	  located	  nearby	  on	  
a	  hydrogenated	  Ge(001):H	  surface	  (geometry	  number	  1	  on	  the	  
left,	   Figure	   4).	   The	   diagram	   shows	   that	   the	   attachment	  
proceeds	   through	   a	   transition	   state	  with	   a	   calculated	   energy	  
barrier	   of	   approximately	   0.64	   eV	   (1.28	   eV	   for	   molecule	  
detachment)	  with	  no	  additional	   intermediate	  states.	  This	   lack	  
of	   intermediates	   points	   to	   a	   concerted	   reaction	   –	   consistent	  
with	  a	  Diels-­‐Alder	  [4+2]	  cycloaddition	  mechanism	  –	  with	  both	  
Ge–C	  bonds	  being	  formed	  in	  a	  single	  step.	  	  
	  
	  
Figure	  4.	  (a)	  Calculated	  attachment	  path	  of	  tribiphenylene	  2a	  to	  a	  DB	  
dimer.	   The	   energies	   are	   plotted	   against	   a	   collective	   reaction	  
coordinate	   (see	   ESI†,	   Figure	   S19).	   (b)	   Selected	   configurations	   of	   the	  
molecule	  on	  the	  attachment	  path.	  
	  
The	   introduction	   of	   substituents,	   which	   could	   potentially	  
modulate	   the	   reactivity	   and/or	   the	   electronic	   properties	   of	  
molecules	  on	  semiconductor	  surfaces,	  is	  an	  important	  issue	  for	  
the	   future	   design	   of	   functional	   molecular	   devices.	   Thus,	   we	  
explored	  the	  behaviour	  of	  substituted	  tribiphenylenes	  2b	  and	  
2c	   deposited	   on	   Ge(001):H	   surface.	   While	   the	   adsorption	   of	  
hexakis(hexyloxy)-­‐substituted	  derivative	  2c	  resulted	  in	  multiple	  
bonding	   configurations,	   probably	   due	   to	   steric	   interactions	  
induced	   by	   the	   peripheral	   functionalization	   (see	   Figure	   S5	   in	  
ESI†),	   the	   hexafluoro	   derivative	   2b	   showed	   similar	   reactivity	  
and	   the	   same	   site-­‐selectivity	   as	   the	   parent	   tribiphenylene	  2a	  
with	   a	   slightly	   lower	  binding	   energy	  of	   1.93	   eV	   (Figure	   5	   and	  
Figure	   S20	   in	   ESI†).	   The	   NEB	   calculations	   of	   the	  
adsorption/desorption	   path	   support,	   similar	   to	   the	   parent	  
species,	  a	  concerted	  mechanism	  with	  no	  intermediate	  species	  
with	  a	  slightly	  higher	  energy	  barrier	  reaching	  0.82	  eV	  (1.37	  eV	  
for	   molecule	   escape,	   see	   Figure	   S19	   in	   ESI†),	   which	   is	   in	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agreement	  with	   the	   slight	   decrease	   of	   the	  HOMO	  energy	   for	  
the	  hexafluorotribiphenylene	  (see	  Figures	  S21,	  S22	  in	  ESI†).	  
	  
Figure	  5.	  Hexafluorotribiphenylene	  2b	  covalently	  attached	  to	  the	  surface	  DB	  
dimer	  on	  Ge(001):H.	   (a)	   Filled	   state	   STM	   image,	   tunnelling	   current:	   10	  pA;	  
bias	  voltage:	  –2.0	  V;	   (b)	  calculated	  STM	  topography,	   tunnelling	  current:	  10	  
pA;	  bias	  voltage:	  –1.2	  V;	  (c)	  and	  (d)	  cross	  sections	  over	  the	  experimental	  and	  
calculated	  images,	  respectively;	  (e)	  structural	  image.	  
	  
Reversible	   covalent	  attachment.	   It	   is	   interesting	   to	  note	   that	  
the	  covalent	  bonds	  between	  the	  tribiphenylene	  molecule	  and	  
the	  DB	  dimer	  can	  be	  reversibly	  cleaved	  and	  restored	  by	  means	  
of	   the	   STM	   tip.	   Moreover,	   when	   the	   bonds	   are	   cleaved,	  
through	   a	   process	  which	   can	   be	   understood	   as	   a	   retro-­‐Diels-­‐
Alder	   reaction,	   the	  molecule	  may	   still	   stay	   located	  over	   a	  DB	  
dimer,	  as	  illustrated	  in	  Figure	  6.	  
	  	  
	  
Figure	  6.	  Filled	  state	  STM	  images	  illustrating	  reversible	  chemisorption	  between	  
a	  tribiphenylene	  2a	  and	  a	  DB	  dimer:	  (a)	  The	  molecule	  covalently	  bonded	  to	  the	  
DB	  dimer;	  (b)	  the	  molecule	  still	   located	  over	  the	  DB	  dimer	  after	  bond	  cleavage;	  
(c)	  the	  molecule	  again	  chemically	  attached	  to	  the	  DB	  dimer;	  the	  streaky	  pattern	  
in	  the	  upper	  part	  of	  the	  image	  originates	  from	  the	  movements	  of	  the	  molecule	  
after	  subsequent	  bond	  cleavage;	  (d)	  the	  molecule	  located	  on	  fully	  hydrogenated	  
Ge(001):H	  surface	  with	  clearly	  visible	  streaky	  pattern	  of	   the	  oscillating	  bare	  DB	  
dimer;	   the	  white	  dashed	   circle	  marks	   the	  position	  of	   the	  DB	  dimer,	   the	  yellow	  
circle	   indicates	   the	   surface	   defect	   used	   as	   a	   position	  marker.	   All	   images	   were	  
acquired	  with	  tunnelling	  current	  2	  pA	  and	  bias	  voltage	  –2.0	  V.	  
	  
Initially	   the	  molecule	   is	   chemically	   attached	   to	   the	   DB	   dimer	  
(Figure	   6a).	   Then,	   by	   application	   of	   a	   positive	   voltage	   pulse	  
(+3.0	   V)	   electrons	   are	   injected	   and	   the	   bonds	   are	   cleaved,	  
although	   the	   molecule	   still	   stays	   located	   over	   the	   DB	   dimer	  
(Figure	   6b).	   In	   this	   configuration	   one	   branch	   of	   the	  molecule	  
points	   in	   the	   direction	   perpendicular	   to	   the	   surface	  
reconstructed	   rows.	   Further,	   by	   application	   of	   a	   subsequent	  
voltage	   pulse,	   the	   bonds	   between	   the	   molecule	   and	   the	   DB	  
dimer	   are	   recreated,	   and	   the	  molecule	   is	   found	   again	   in	   the	  
chemisorbed	   configuration,	   as	   documented	   in	   Figure	   6c.	   The	  
streaky	   pattern	   observed	   in	   the	   upper	   part	   of	   the	   image	  
originates	   from	   unintentional	   removal	   of	   the	   molecule	   from	  
the	   DB	   dimer	   during	   STM	   imaging,	   giving	   rise	   to	   the	   final	  
configuration	   shown	   in	   Fig.	   6d,	   where	   the	   molecule	   appears	  
physisorbed	   in	   a	   fully	   H-­‐saturated	   area	   away	   from	   the	   DB-­‐
dimer.	  At	   this	   point	   it	   is	   important	   to	  note	   that	   although	   the	  
covalently	   bonded	   configuration	   is	   expected	   to	   be	   the	   most	  
energetically	   favoured,	   as	   supported	  by	   the	   results	   described	  
above	  (configuration	  of	  the	  molecules	  after	  deposition)	  and	  by	  
calculations	   (see	   Figures	   S12-­‐S14	   in	   ESI†),	   the	   STM	  
manipulation	   described	   in	   Figure	   6	   is	   performed	   at	   liquid	  
helium	   temperature,	   thus	   the	   system	   is	   frozen	   and	   has	   not	  
enough	   energy	   to	   go	   back	   to	   the	   most	   stable	   configuration	  
spontaneously	   after	   bond	   cleavage.	   Therefore,	   both	  
configurations,	   i.e.,	   that	   with	   covalent	   bonds	   and	   that	  
physisorbed	  over	  buckled	  DB	  dimers	  are	  observed	  with	  STM.	  
	  
Electronic	   properties.	  To	   analyse	   the	   electronic	   properties	   of	  
the	   molecules	   on	   the	   surface	   we	   have	   performed	   scanning	  
tunnelling	   spectroscopy	   (STS)	  measurements.	   The	   results	   are	  
compared	   with	   theoretically	   calculated	   transmission	  
coefficient	   T(E)	   spectra.	   Figure	   7	   shows	   the	   state	   interaction	  
diagram	   for	   the	   tribiphenylene	   2a	   with	   the	   analysis	   of	   the	  
HOMO	  and	  LUMO	  orbitals	  of	  the	  molecule	  interacting	  with	  the	  
π	  and	  π*	  orbitals	  of	  the	  DB	  dimer	  during	  the	  [4+2]	  Diels-­‐Alder	  
cycloaddition.	   The	   initially	   buckled	   DB	   dimer	   is	   characterized	  
by	  a	  π–π*	  gap	  of	  approximately	  1.8	  eV	  (see	  most	   left	  column	  
of	   Figure	   7).	   When	   the	   DB	   dimer	   unbuckles	   to	   the	  
configuration	   required	   for	   the	   [4+2]	   reaction,	   the	   states	   shift	  
and	  the	  gap	  is	  decreased	  to	  0.3	  eV.	  We	  calculated	  the	  HOMO–
LUMO	  gap	  for	  the	  flat	  molecule	  to	  be	  approximately	  3.0	  eV,	  as	  
can	   be	   seen	   in	   the	   right	   column	   of	   Figure	   7,	   and	   the	   same	  
value	   is	   also	   obtained	   for	   the	   molecule	   physisorbed	   on	   a	  
Ge(001):H	   surface	   without	   DBs.	   When	   the	   molecule	   is	  
deformed	   to	   the	   final,	  bent	   configuration,	   the	  gap	   is	   reduced	  
by	  0.8	  eV	  to	  approximately	  2.2	  eV,	  as	  indicated	  in	  the	  column	  
“Deformed	   molecule”	   in	   Figure	   7.	   We	   did	   not	   observe	   any	  
significant	  changes	  in	  the	  energies	  of	  the	  orbitals	  HOMOb	  and	  
LUMOb,	   but	   those	   of	   the	   orbitals	   HOMOa	   and	   LUMOa	   are	  
altered	   significantly	   upon	   deformation.	   When	   the	   covalent	  
bonds	  between	  the	  deformed	  molecule	  and	  the	  unbuckled	  DB	  
dimer	   are	   created,	   the	   HOMOa	   and	   LUMOa	   orbitals	   of	   the	  
tribiphenylene	   overlap	  with	   π	   and	  π*	   states	   of	   the	  DB	   dimer	  
forming	   π-­‐LUMO	   bonding	   state,	   located	   around	   0.6	   eV,	   and	  
π*-­‐HOMO	   at	   around	   1.0	   eV	   below	   the	   Fermi	   level,	  
respectively.	   The	   π-­‐LUMO	   bonding	   state	   has	   an	   important	  
molecular	   contribution	   to	   the	   calculated	   transmission	  
coefficient	   spectrum	   T(E),	   which	   displays	   a	   resonance	   at	  
around	  0.6	  eV	  below	  Fermi	   level	   (Figure	  8b,	  blue	  curve),	  very	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close	   to	   the	   edge	   of	   the	   substrate	   valence	   band.	   The	  
experimental	   filled	   state	   STM	   images	   of	   the	   tribiphenylene	  
molecule	   attached	   to	   the	   DB	   dimer	   shown	   in	   Figure	   3	   are	  
dominated	  by	  the	  contribution	  of	  this	  π-­‐LUMO	  bonding	  state.	  
The	   second	   T(E)	   resonance,	   which	   in	   the	   calculations	   is	  
characterized	   by	   a	   lower	   intensity,	   appears	   around	   –1.0	   eV,	  
i.e.,	   0.1	   eV	   lower	   in	   energy	   than	   the	   HOMO	   of	   the	   flat	  
molecule	  as	  indicated	  in	  Figure	  8b.	  This	  resonance	  comes	  from	  
the	  second	  bonding	  state	  formed	  by	  overlapping	  HOMOa	  with	  
the	   π*	   state	   of	   the	   DB	   dimer	   with	   an	   additional	   shoulder	  
originating	   from	   the	   almost	   unchanged	   HOMOb	   orbital.
	   	  
	  
Figure	  7.	  State	  interaction	  diagram	  calculated	  for	  tribiphenylene	  2a	  attached	  to	  the	  DB	  dimer;	  the	  left	  column	  shows	  the	  molecular	  orbital	  energy	  diagram,	  
the	  right	  column	  presents	  calculated	  extended	  Hückel	  molecular	  orbitals	  (EHMO)	  of	  the	  molecule	  deformed	  to	  the	  attachment	  configuration	  (left)	  and	  the	  
flat	  molecule	  (right);	  for	  the	  attached	  to	  the	  DB	  dimer	  configuration,	  the	  antibonding	  π*-­‐HOMO	  and	  π-­‐LUMO	  states	  are	  not	  shown,	  since	  they	  exhibit	  a	  large	  
dispersion	   in	   the	   band	   structure	   and	   seemingly	   do	   not	   appear	   in	   the	   projected	   density	   of	   states	   (PDOS)	   and	   T(E).
	  
	  
Figure	  8.	  Comparison	  of	  experimental	  filled	  state	  STS	  data	  (a)	  and	  calculated	  
transmission	   coefficient	  T(E)	   spectra	   (b)	   recorded	  over	  a	   tribiphenylene	  2a	  
molecule	  physisorbed	  on	  a	  Ge(001):H	  surface	  (red)	  and	  covalently	  attached	  
to	  the	  surface	  DB	  dimer	  (blue).	  
	  
The	   positive	   voltage	   part	   of	   T(E)	   does	   not	   exhibit	   any	  
resonance	  for	  moderate	  voltages.	  A	  prominent	  peak	  in	  the	  T(E)	  
spectrum	  appears	  only	   at	   high	   voltages,	   around	  +2.0	   eV,	   and	  
corresponds	   to	   the	   LUMOb	   orbital.	   Due	   to	   the	   propensity	   of	  
the	  molecules	  attached	  to	  the	  DB	  dimer	  for	  electron	  injection,	  
we	   limited	   the	   analysis	   of	   the	   STS	   experiments	   to	   the	   filled	  
states.	  	  
With	   respect	   to	   the	   molecule	   physisorbed	   on	   a	   Ge(001):H	  
surface,	  with	   a	   relatively	   planar	   configuration	   as	   described	   in	  
Section	  6	  of	   the	   ESI†	   (Figure	   S15),	   the	   recorded	  experimental	  
spectrum	  (drawn	  in	  red	  in	  Figure	  8a)	  is	  characterized	  by	  a	  flat	  
part	   corresponding	   to	   the	   band	   gap	   and	   a	   prominent	  
resonance	  centred	  at	  around	  –1.91	  eV,	  which	  we	  attribute	  to	  
the	  degenerate	  HOMO	  states	  of	  the	  molecule.	  This	  assumption	  
is	   further	   supported	   by	   the	   good	   agreement	   between	   the	  
experimental	  STM	  topography	  and	  the	  calculated	  appearance	  
including	   the	   HOMO	   states,	   which	   are	   shown	   in	   ESI†	   (Figure	  
S15).	  The	  curve	  recorded	  for	  the	  molecule	  attached	  covalently	  
to	   the	   DB	   dimer	   (displayed	   in	   blue)	   displays	   a	   prominent	  
resonance	  at	  around	  –2.17	  V,	  slightly	  lower	  than	  the	  HOMO	  of	  
the	  physisorbed	  molecule	  shown	  in	  red.	  This	  peak	  is	  attributed	  
to	   the	   π*-­‐HOMO	   state	   with	   the	   contribution	   of	   the	   HOMOb	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state.	  The	  observed	  energetic	  shift	  with	  respect	  to	  the	  HOMO	  
resonance	  of	  the	  physisorbed	  molecule	  by	  approximately	  0.25	  
eV	   is	   somewhat	   larger	   than	   in	   the	   calculations,	  where	   it	   only	  
amounts	   to	   0.1	   eV	   (Figure	   8b).	   The	   spectrum	   contains	   an	  
additional	   resonance	   characterized	   by	   a	   relatively	   small	  
intensity	  and	  centred	  at	  around	  –1.4	  eV	  below	  the	  Fermi	  level.	  
It	   is	   attributed	   to	   the	   bonding	   π-­‐LUMO	   state,	   in	   good	  
agreement	  with	   the	  T(E)	   spectrum.	  This	  assignment	   is	   further	  
supported	  by	   the	  good	  match	  between	   the	  experimental	  and	  
calculated	   STM	   topographies	   of	   the	   chemically	   attached	  
molecule,	   which	   are	   shown	   in	   Figure	   3.	   Although	   the	  
resonance	   positions	   are	   well	   described	   in	   our	   theoretical	  
treatment,	   we	   observe	   disagreement	   in	   the	   intensity	   of	   the	  
peaks.	   This	   disagreement	   can	   be	   fully	   explained	   by	   the	   close	  
proximity	   of	   molecular	   and	   DB	   levels	   to	   the	   valence	   band,31	  
which	  makes	  the	  resonance	  intensity	  exponentially	  dependent	  
on	   the	   peak	   position	   relative	   to	   the	   valence	   edge.	   Our	  
computational	   treatment,	   ignoring	   e.g.	   the	   tip-­‐induced	   field,	  
cannot	  describe	  intensities	  in	  this	  delicate	  regime.	  	  	  	  
Similar	   STS	   results	   are	   also	   obtained	   for	  
hexafluorotribiphenylene	   2b	   with	   the	   general	   energetic	  
downshift	   of	   HOMO	   and	   LUMO	   orbitals	   reflected	   in	   the	  
recorded	  filled	  state	  STS	  resonances	  (see	  Figures	  S22	  and	  S27	  
in	  ESI†).	  The	  electronic	  properties	  of	  the	  molecules,	  which	  stay	  
pinned	  on	  the	  DB	  dimer	  after	  bond	  breaking,	  are	  discussed	  in	  
detail	   in	   Section	   10	   of	   the	   ESI†.	   Interestingly,	   the	  
measurements	   show	   a	   rigid	   upward	   shift	   of	   the	   π*	   orbital	  
energy	   of	   the	   DB	   dimer	   located	   underneath	   the	   molecule	  
compared	  to	  the	  bare	  DB	  dimer,	  which	  reflects	  the	  influence	  of	  
the	   molecule	   on	   the	   positions	   of	   Ge	   atoms	   forming	   the	   DB	  
dimer	  and	  the	  dimer	  buckling	  (ESI†,	  Figure	  S23).	  
Finally,	   we	   found	   that	   the	   interaction	   between	   the	  
tribiphenylene	   molecule,	   as	   well	   as	   its	   fluoro–substituted	  
counterpart,	   with	   single,	   unpaired	   DBs	   is	   strikingly	   different	  
compared	  to	  covalent	  attachment	  to	  DB	  dimers.	  In	  the	  case	  of	  
single	  DBs,	  the	  molecules	  interact	  only	  by	  weak	  van	  der	  Waals	  
forces,	   and	   their	   electronic	   structure	   is	   not	   impaired	  
significantly	  by	  the	  presence	  of	  the	  atomic	  defect	  (ESI†,	  Figure	  
S27),	   apart	   from	  a	   slight	   resonance	   shift	   that	  may	   arise	   from	  
single	  electron	  charging	  of	  the	  single	  DB.	  
	  
Methods	  
Synthesis.	   All	   reactions	   were	   performed	   under	   argon	  
atmosphere.	   THF,	   Et2O,	   CH2Cl2	   and	   CH3CN	   were	   purchased	  
from	   Fluka	   (puriss.,	   absolute,	   over	  molecular	   sieve)	   and	   used	  
as	  received.	  Acetone	  was	  dried	  over	  molecular	  sieves.	  Et3N	  and	  
i-­‐Pr2NEt	  were	  distilled	  under	   argon	   from	  CaH2.	   Pd(PPh3)4	  was	  
prepared	  following	  published	  procedures.32	  Other	  commercial	  
reagents	  were	   purchased	   from	  Aldrich	   Chemical	   Co.	   or	   ABCR	  
and	   were	   used	   without	   further	   purification.	   TLC	   was	  
performed	  on	  Merck	   silica	  gel	  60	  F254;	   chromatograms	  were	  
visualized	   with	   UV	   light	   (254	   nm	   and	   360	   nm)	   and/or	   by	  
treating	  with	   Hanessian	   reagent	   system	   followed	   by	   heating.	  
Flash	   chromatography	  was	   performed	   on	  Merck	   silica	   gel	   60	  
(ASTM	   230–400	   mesh).	   Reported	   melting	   points	   are	  
uncorrected	  and	  were	  measured	  in	  a	  Büchi	  B-­‐540	  instrument.	  
1H	   and	   13C-­‐NMR	   spectra	   were	   recorded	   in	   Varian	   AMX	   300,	  
Varian	  AMX	  400	  or	  Bruker	  WM-­‐500	  spectrometers.	  LR	  and	  HR	  
mass	  spectra	  were	  recorded	  using	  EI	  (70	  eV)	  with	  a	  HP-­‐5988A	  
spectrometer	   and	   MALDI-­‐TOF	   with	   a	   Bruker	   Autoflex	  
spectrometer.	  Tribiphenylene	  2a	  was	  synthesized	  as	  previously	  
reported.24	  Experimental	  details	  and	  characterization	  data	   for	  
the	  synthesis	  of	  2b	  and	  2c	  are	  provided	  in	  the	  ESI†.	  	  
Calculation	  scheme.	  Calculations	  were	  performed	  using	  density	  
functional	   theory	   (DFT)	   based	   on	   the	   SIESTA	   code.33	   The	  
surface	  is	  represented	  by	  a	  Ge	  slab	  containing	  5	  layers.	  The	  top	  
surface	  is	  covered	  by	  the	  Ge(001)-­‐(2x1):H	  dimer	  reconstruction	  
with	  hydrogen	  vacancies	  when	  needed.	  The	  bottom	  surface	  is	  
unreconstructed	   and	   fully	   hydrogen	   passivated.	   We	   used	  
periodic	   boundary	   conditions	   with	   a	   3	   x	   6	   supercell	   of	   the	  
reconstructed	   sur-­‐face.	   In	   total,	   our	   slabs	   contain	  286	  atoms.	  
We	   employed	   the	   optB88-­‐vdW	   functional	   to	   describe	  
exchange	   and	   correlation,34	   a	   k-­‐point	   sampling	   of	   2	   x	   3	   x	   1	  
(largest	   along	   the	   dimer	   rows),	   a	  mesh-­‐cut-­‐off	   of	   300	   Ry	   for	  
real-­‐space	  integrations,	  and	  a	  double-­‐z	  plus	  polarization	  (DZP)	  
basis	  set,	  using	  an	  energy	  shift	  of	  100	  meV	  for	  determining	  the	  
cut-­‐off	  radii.	  Relaxations	  were	  performed	  until	  all	   forces	  were	  
below	   0.02	   eV	   Å–1,	   fixing	   only	   the	   lower	   passivating	   layer	   of	  
hydrogen.	   Adsorption	   energies	   were	   corrected	   using	   the	  
counterpoise	   method.35	   Guided	   by	   experiment	   and	   previous	  
work,19	   the	   initial	   geometries	   were	   chosen	   to	   position	   the	  
centre	   of	   the	   phenyl	   rings	   directly	   above	   the	  DB	   dimer,	  with	  
the	  corresponding	  molecule	  arm	  forming	  an	  angle	  of	  0,	  60	  and	  
90	   degrees	   with	   respect	   to	   the	   dimer	   rows	   on	   the	   surface.	  
Desorption	   paths	   were	   calculated	   by	   constraining	   the	  
molecular	   centre-­‐of-­‐mass	   to	   successively	   lie	   further	   and	  
further	  away	  from	  the	  dimer.	  This	  path	  was	  then	  refined	  using	  
the	  Nudged	  Elastic	  Band	  method.30	  
The	   STM	   images	   and	   transmission	   spectra,	   T(E),	   of	   the	  
optimized	  structures	  were	  calculated	  using	   the	  surface	  Green	  
function	   matching	   (SGFM)	   method	   with	   extended	   Hückel	  
molecular	   orbital	   (EHMO)	  Hamiltonian,29	  which	   considers	   the	  
couplings	   between	   the	   tip,	  molecule,	   Ge(001):H	   surface,	   and	  
the	   bulk	   Ge.8a,16,17	   The	   EHMO	   parameters	  were	   fitted	   to	   DFT	  
band	  structures	  as	  described	  by	  Kolmer	  et	  al.8a	  The	  Fermi	  level	  
was	   set	   to	   allow	  matching	   between	   the	   π	   and	   π*	   orbitals	   of	  
the	   buckled	   bare	   DB	   dimer	   and	   experimentally	   recorded	  
resonances.7a,7b,8a	   Note	   that	   the	   bias	   voltages	   used	   in	   the	  
calculations	   are	   in	   general	   smaller	   than	   those	   used	   in	   the	  
experiments	   because	   the	   tip-­‐induced	   band	   bending	   is	   not	  
accounted	   for	   in	   the	   SGFM	   method,	   as	   described	  
previously.10,16	  The	  molecular	  orbitals	  of	  the	  flat	  and	  deformed	  
molecules	   were	   likewise	   calculated	   using	   the	   EHMO	  
Hamiltonian.	  
Sample	  preparation.	  All	  experiments	  were	  performed	  in	  a	  multi-­‐
chamber	   ultrahigh	   vacuum	   system	   equipped	   with	   a	   low	  
temperature	  STM	  manufactured	  by	  Omicron	  Nano-­‐technology	  
GmbH.	   STM	   and	   STS	   measurements	   were	   executed	   at	   liquid	  
helium	   temperature	   using	   electrochemically	   etched	   tungsten	  
tips.	   Germanium	   samples	   were	   prepared	   by	   a	   standard	  
procedure	  of	   argon	   ion	  bombardment	  and	   thermal	   annealing	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at	   770	   °C.	   Hydrogen	   passivation	   was	   achieved	   with	   a	   home-­‐
built	  hydrogen	  cracker	  to	  pro-­‐vide	  a	  flux	  of	  hydrogen	  atoms	  to	  
the	  surface.8a	  The	  molecules	  were	  thermally	  evaporated	  from	  
a	   powder	   placed	   inside	   a	   Knudsen	   cell.	   The	   sublimation	  
temperature	   was	   265°C	   for	   tribiphenylene	   2a,	   275°C	   for	   2b	  
and	   310	   °C	   for	   2c	   derivatives.	   STM	   images	   were	   processed	  
using	  SPIP	  and	  WSxM	  software.36	  
Conclusions	  
We	   reveal	   that	   tribiphenylenes,	   large	   polycyclic	   arenes	  
containing	   the	   biphenylene	   structural	   motif,	   undergo	   a	  
completely	   site-­‐selective	   Diels-­‐Alder	   reaction	   with	   paired	  
surface	  DBs	  on	  a	  hydrogen	  passivated	  Ge(001):H	  surface.	  The	  
detailed	   analysis	   of	   this	   transformation	   by	   high	   resolution	  
STM/STS	   characterization,	   advanced	   DFT	   modelling	   and	   STM	  
image	   simulations	   concludes	   that	   it	   constitutes	   a	   fully	  
reversible	   concerted	   [4+2]	   cycloaddition,	   in	   which	   the	  
molecules	  play	  the	  role	  of	  the	  conjugated	  diene.	  The	  observed	  
bonding	  configuration	  confirms	  the	  expected	  selectivity	  of	  the	  
reaction,	  which	  can	  be	  understood	  considering	   the	  significant	  
degree	   of	   bond	   localization	   induced	   by	   the	   presence	   of	   the	  
antiaromatic	   cyclobutadiene	   rings	   in	   the	   polycyclic	   structure	  
and	  the	  reactivity	  trends	  shown	  by	  other	  simpler	  phenylenes	  in	  
[4+2]	   cycloadditions	   in	   solution.	   The	   change	   in	   attachment	  
orientation	   of	   the	   tribiphenylene	   vs.	   trinaphthylene	   topology	  
provides	   a	   striking	   example	   of	   the	   application	   of	   simple	  
molecular	   design	   principles	   to	   control	   the	   bonding	  
configuration	  of	  polycyclic	  conjugated	  molecules	  on	  a	  surface.	  
We	  also	  demonstrate	  that	  substituted	  derivatives	  show	  similar	  
reactivity	   and	   the	   same	   site-­‐selectivity	   as	   the	   parent	  
tribiphenylene	  and	   that	   the	  barriers	   for	   attachment	   correlate	  
with	   the	  shifts	  of	   the	   frontier	  orbital	  energy.	  Finally,	  STM	  tip-­‐
induced	   bond	   breaking	   enables	   the	   controlled	   switch	   from	  
covalent	  attachment	  to	  the	  DB	  dimer	  to	  physisorption.	  
Detailed	   STS	   measurements	   of	   tribiphenylenes	   confirm	   the	  
influence	  of	  electronic	  structure	  on	  the	  bonding	  to	  surface	  DB	  
dimers.	   Our	   experiments	   corroborate	   also	   the	   theoretically	  
calculated	   downward	   energy	   shift	   of	   the	   HOMO	   orbital	   of	  
fluorinated	  derivatives	  compared	  to	  the	  parent	  tribiphenylene.	  
To	  sum	  up,	  we	  have	  demonstrated	  the	  feasibility	  of	  building	  up	  
atomically	   precise	   structures	   by	   functionalization	   of	  
semiconductor	   surfaces	   with	   large	   polycyclic	   conjugated	  
molecules,	  by	  combining	  DBs	  patterning	  and	  molecular	  design.	  
Work	   is	   in	   progress	   to	   extend	   this	   strategy	   to	   build	   complex	  
circuits	  and	  devices.	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